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DES CRTPTION 

VQLATITjR MATRICES FOR MAT RIX-ASSI STEP LASKK 
DESORPT1QN/IONIZ.4TION MASS SPECTROMETRY 

i background of the invention 

1.1 Field of the Invention 

This invention relates to volatile photoabsorbing matrices, having a low sublimation 
temperature for use in the mass* spectrometric analysis of iarge. nonvolatile moJceuks. This 
invention aiso relates to methods for preparing samples containing! large, nonvolatile analyre 
molecules for layer dtttoiptiun mass spectrometry employing such matrices. 

1.2 Description of Related Art 

Approximately 4,000 human disorders are atlributed to genetic causes. Hundreds of 
genes responsible for various disorders have been mapped and sequence information is being 
accumulated rapidly. A principal goal of the Human Genome Project is to find al] genes 
associated with each disorder. The definitive diagnostic test for any sped Tic genetic disease (or 
predisposition lo disease) will be the identification of polymorphic variations in the DNA 
sequence of affected cells that result in altcmtions of gene function. Furthermore, response to 
specific medications may depend oil the presence of polymorphisms. Developing DNA (or 
RNA) screening as ;j practical lool for medical diagnostics requires a method that is 
inexpensive* accurate, expeditious, and robust. 

Genetic polymorphisms and mutations can manifest themselves in several forms, such 
as point polymorphisms oi point mutations where a single base is changed to one of the three 
other bases; deletions where one or more bases are removed from a nucfeic acid .sequence and 
the bases flanking the deteted sequence are direcily linked to each other; insertions where new- 
bases are inserted at a particular point in a nucleic acid sequence adding additional length to ihe 
overall sequence; and expansions and reductions of" repeating sequence motifs. Large insertions 
and deletions, nhcn Ihe result of chromosomal recombination and rearrangement evems. can 
lead to partiaJ or complcic Joss of the activity of a gene. Of these forms of polymorphism, in 
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general the most difficult type of change to screen for und detect is the point polymorphism 
because il represents the smalle-st oegree of molecular change. 

Although a number of genetic defects can be linked to si specific single point mutation 
within a gene, eg. sickle cell anemia, many are caused by a wide spectrum of different 
mutations throughout the gene. A typieal gene thai might be screened Could be anywhere from 
1,000 to 100,000 buses in length, though smaJler and larger genes do exist. Of that amount of 
DNA. only a fraction of the base pairs actually encode the protein. These discontinuous protein 
coding regions are eulkd exons and the remainder of the gene is referred 10 us iutrws. Of these 
two types of regions, exons often contain the most important sequence* to be screened. Several 
complex proecouics nave been developed for scanning genes in order to duieel polymorphisms. 
These procedures arc applicable to both exons and introns, 

In terms of current use. most of the methods to scan or screen genes employ slstb or 
capillary gel electrophoresis for the separation and detection step in tlie assays. Gel 
electrophoresis of nucleic acids primarily provides relative $i>* information based on mobility 
through the gel matrix. If calibration standards arc employed, gel electrophoresis can be used 
to measure absolute and relative molecular weights of large bioroolccules with some moderate 
degree of accuracy: even then, the accuracy is typically only 5% to 10%. Also ihe molecular 
weight resolution is limitsd. in cases where two DNA fragment with the identical number of 
base pairs can be separated, for example, by using high concentration polyacrylamkte gcb, it is 
still not possible to identify which band on a gel corresponds to which DNA fragment without 
performing secondly labeling experiments. Thus- gel electrophoresis techniques can only 
determine size and cannoi provide any information about changes in base composition or 
sequence without performing more complex sequencing reactions. Gel-based techniques, tor 
the most part, ure dependent on labeling or staining methods to visualize and discriminate 
between different nucleic acid fragments*. 

Many methods in use today capable of screening broadly for genetic polymorphisms 
suffer km technical complication and arc labor and time intensive. Single strand 
conformational polymorphism (SSCP) (Orita at ai, 1989), denaturing gradient gel 
electrophoresis (DGGE) (Abrams et oL 1990) t chemical cleavage ut mismatch (CCM) (Saleeba 
and Cotton. 1993), cniymalic mismatch cleavage (EMC) (Youii et uL 1995), and cieavagc 
fragment tengdi polymorphism (CFLP) procedures are currently gei-based t making them 
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cumbersome to automate atid perform efficiently. Thus, there is n need for new methods that 
can provide cast effective ami expeditious means for screening genetic material in an effort 10 
detect genetic mutations and diagnose related medical conditions simply, quickly, accurately, 
and inexpensively. 

Another approach thai is having some success is to employ mass spectrometry to screen 
for and delect genetic mutations as weli as to sequence nucleic acids, in order to measure the 
mass of nonvolatile high molecular weight molecules typically greater than 1000 Da, in a mass 
spectrometer, the analyie molecules must first be volatilized or converted into gas-phase ions. 
Although direct laser dc sorption of the neat anaiyte is one approach to volatilizing the 
molecule, the energy deposited into the anaiyte may induce fragmentation and lead to results 
that are ambiguous or difflcull to anaJyzc. the Jale I980's saw the rise of two new mass 
spectrometry techniques which are potentially suitable for genetic screening tests by 
successfully measuring the masses of intact very large biomolecuies, namely, matrix-assisted 
laser desorptioa/ionization (MALDI) time-of-flight mass spectrometry (TOP MS) (Tanaka 
et at,, 1988; Spcnglcr et aL, 1989) and clcctrospray ionization (ES) combined with a variety of 
mass analyzers. The MALDI mass spectrornetric technique can also be used with methods 
other than time-of- flight, for example, magnetic sector. Fourier-transform ion cyclotron 
resonance, quadrupole. and quadrupole trap. 

MALDI -TOF MS involves laser pulses focused on a small sample plate on which 
anaiyte molecules {i.e. nucleic acids) are embedded in either a solid or liquid matrix which is 
typically a small, highly absorbing material, such as a small aromatic organic molecule. The 
volatilization of intact fragile molecules benefits from the use of rnairix-assistcd laser 
desorplion ionization because the radiative energy from the laser pulse is coupled indirectly into 
the anaiyte through the matrix moJecuies. Typically, the analytic molecules are crystallized with 
a large molar excess of a pholuubsorbing matrix (see U.S. Patent Nos. 4,920,264 and 5,1 1 8,937, 
incorporated herein by reference). An advance in MALDI analysis of polynucleotides was the 
discovery of 3-hydroxypicolinic acid {3-1 IP A) as a suitable matrix for mixed-base 
oligonucleotides (Wu, et ai, 1993). 

The laser pulses transfer energy to the matrix causing a microscopic ablation and 
concomitant ionization of the anaiyte molecules, producing a gaseous plume of intaeL charged 
nucleic acids in single-stranded form. It is thought that upon laser excitation the matrix 
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molecules arc -rapidly heated and ejected into the gas phase, carrying anaiyte molecules into the 
expansion plume of molecules and ions, h is thought that gas-phase ion-molecule collisions 
subsequently ionize the neutral analyie molecule in the near-surface region, often via proton 
transfer. The matrix thus functions us both an energy- aud chaTge^rransfcr species. If double- 
5 stranded nucleic acids are analyzed, Ihe MALD1-TOF MS typically results in detection of 
raostly charged denatured single-stranded nucleic acids. 

The ions generated by the laser pulses are accelerated to a fixed kinetic energy by a 
strong electric field and then passed through an dcciiic field-iVee region in vacuum, traveling 
wi!h a velocity corresponding to Ihcir respective mass-to -charge ratios (rn/V.), Thus, the smaller 

1 0 m/z ions will travel through the vacuum region taster than the larger m/z ions thereby causing a 
separation. At the end of the ciscirie fbld-free region, the ions collide with a detector thai 
generates a signal as each set of ions of a particular mass-to -charge ratio strikes the detector. 
Usually for a given assay, 10 to 100 mass spectra resulting from individual laser pulses are 
summed together to make a single composite maw spectrum with an improved sigual-to-noise 

15 ratio. 

The mass of an ion (such as a charged nucleic acid) is mea$urcd by using its velocity to 
determine the mass-to-chargc ratio by ttmc-of-fli^t analysis. In other words, the mass of the 
molecule directly correlates with the time it takes to travel from the sample plate to the detector. 
The entire process takes only microseconds. In an automated apparatus, tens to hundreds of 

20 samples can be analyzed per minute. In addition lo speed, MAIJM-lOF MS has one of the 
largest mass ranges for mass spectrometrie devices. The current mass range for MALDI-TOF 
MS is from 1 to 1,000,000 Da (measured recently for a protein) (Nelson ex at., 1995). 

The performance of a mass spectrometer is measured by its sensitivity, mass resolution 
and mass accuracy. Sensitivity is measured by the amount of material needed; it is generally 

25 desirable and possible with mass spectrometry lo work with sample amounts in the femiomolc 
and low picomolc range. Mas* resolution, m/Arn, is the measure of an instrument's ability to 
produce separate signals from ions of similar mass. Mass resolution is denned as the mass, m, 
of an ion signal divided by the full width of the signal. Am, usually measured between points of 
halt-maximum intensity. Mass accuracy is the measure of error in designating a mass to an ion 

30 signal, The mass accuracy is defined as the ratio of ihe mass assignment error divided by the 
mass of the ion and can be represented as a percentage. 
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To be able to detect any point polymorphism directly by MALDI-TOF mass 
spectrometry, one would need to resolve and accurately measure the masses of nucleic acids in 
which o single: base change 1ms occurred (in comparison to the wild rype nucleic acid), A single 
base change can be a mass difference of a* little as 9 Da. This value represents the difference 

5 between the two bases with the closest mass values, A and T (A = 2'-deoxyadenosinc-5 1 - 
phosphate - 313.19 Da; T= 2 a HLeuxy%midine-5'-phosphfLtc = 304.20 Da; <i =2'- 
dedxyguanosine-y-phosphate - 329.21 Da; and C = ^deoxycytidine-S'-phospbate « 289 J 9 
Da). If during the mutation process, a single A changes to T or a single T to A, ihe mutant 
nucleic acid containing the base transversion will cither decrease or increase by 9 Da in total 

30 mass as compared lo ihe wild type nucleic acid. Tor mas* spectrometry to directly detect these 
iransversions. it muM therefore be able !o detect a minimum mass change, Am, of 
approximately 9 Da, 

for example, in order to fully resolve {which may not he necessary) a point-mutated 
{A to T or T to A) heterozygote 50-base sineie-stranded DXA fragment having a mass, m, of 

15 - J 5,000 Da from its corresponding wild type nucleic acid, the required mass resolution is 
m/Am = 1 5,000/9 ^ L700. However, the mass accuracy needs to be significantly better than 9 
Da to increase quality assurance and to prevent ambiguities where the measured muss value is 
near the half-way point between the two theoretical masses. For an anaiyte of 15,000 Da, in 
practice the muss accuracy needs to be Am ~ ±3 Da - 6 Da. In this ease, ihe absolute mass 

20 accuracy required is (Ml 5,000)* 100 = 0.04%. Often a distinguishing level or mass accuracy 
relative to smother known peak in the spectrum is .sufficient to resolve ambiguities. For 
example, if there is a known mass peak JOOO Da from the mass peak in ifucsiiun. the relative 
position of ihe unknown to the known peak may be known with greater accuracy than that 
provided by iin absolute, previous calibration of the mass spectrometer. 

25 In addition, the ability to separate DNA fragments (1) differing in only one base in 

length and (2) of reasonable length (e.g., of sizes corresponding to at bast primer size, around 
20 lo 30 bases or so up to about 50 bases io length) is critical to achieving even rudimentary 
DNA sequencing by MALDT-MS. For laser desorption mass spectroscopy techniques to 
successfully analyze inacromolecules requires thai one stably laser-desorb molecules into a 

30 vapor phase, and separate and detect (and thereby determine die mass of) the volatilired 
molecules by muss spectroscopy. The abiliLy to stably desorb the macromolccule depends on 
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Lhc availability of a suitable light absorbing matrix thsit will allow one to stably lascr-desorb 
DNA molecules from a solid state to a gaseous state, and permit separation of DNA molecules 
having only a nucleotide or so difference in length. Putting that into perspective, the difference 
in mass between a polynucleotide having 30 versus 31 nucleotide represents about a 3% 
5 difference in mas* (about 9610 v. 310, assuming an average m.w. of 310 fur each nucleotide). 
If one applies this to a DNA molecule of 1 00 nucleotides in length, a modest sequence by DNA 
sequencing standards, the separation system must dislinguish among DMA molecules differing 
by only mass. 

Thus, there is a need for the duvdnpmenl of MS techniques and related materials for 

10 practicing ihc<«2 rechniqucs that have enhanced resolution, accuracy, and sensiiivhy. The ability 
to stably desorb the molecule from a solid mulrix that absorbs light at the laser wavelength, 
without radiation dama^a and fragmentation of the rumple Is particularly important as 
fraj^incntation can lead to complex spectra and decreased resolution and sensitivity. 

Although MAl.DI generates less energetic anaiytc ions than direct laser desorption, thus 

15 decreasing the thermal degradation of the analyte, the ions nevertheless contain significant 
internal energy, which may result in fragmentation. Among the few matrix molecules that have 
been round to desorb/iouize intact DNA, 3-HPA is currently the most widely used (Wu et til, 
1993; Wu et aL t 1994) ). Using a matrix mixture of 3-HPA with picolinic acid, 
oligonucleotides have been detected that arc greater than 500 bases (up to about 200 kDa) in 

20 length (Tang ct «/, ? 1994; Lilt et aU 1W5), However, as the kngLh of the oligonucleotide 
increases, the mass resolution is degraded by widening kinetic energy spreads, prompt 
fragmentation, delayed fragmentation (mctastablc decay), and the formation of* matrix adduds- 
Thus, there is a need to develop MS materials and methods that minimize fragmentation of the 
anaiytc ions during the MALDI process, extend the accessible mass range for mass 

25 spcctromctric detection, and enhance the utility of the MS techniques. 

2.0 SUMMARY OF THE INVENTION 

It is therefore a goal of the present invention to provide compositions and methods 
relating to the preparation of samples containing nonvolatile anaiytc molecules for mass 
30 analysis using a photoabsorbing, low-sublimation temperature matrix. These matrix molecules 
provide a means for desorbiug and ionizing nonvolatile, nonthcrmally-labile organic molecules 
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such as biomolecules and synthetic polymers. Minimizing fragmentation of the parcm analyte 
ion and/or reducing adduct formation leads to increased detection sensitivity and'or increased 
resolution and/or extension of the usable mass range. 

The deleterious effects associated with widening kinetic energy spreads, fragmentation 
5 and the formation of matri* -analyte adducts are reduced by employing a matrix system, as 
disclosed herein, having lower intcrmnlccular binding energies associated with increased 
volatility. l ower binding energies can reduce fragmentation by minimising the internal energy 
of the desorbed analyte, and can reduce udduei formation by lowering the binding energy of the 
analyte with ii* surrounding molecules. The desorption of a volatile matrix at room 

10 temperature but cooled to maintain low vapor pressure in the mass spectrometer may also 
require Ic^s energy, Because a vacuum is required for the niiiss spectrometry, volatile, 
crystalline matrices which .sublimate or evaporate readily at room temperature are typically 
cooled to reduce thetr vapor pressures to practical levels, whidi is below about lfl'5 Torr in the 
desorption plume. This consequently means that the ruialyte internal energy may also be lower. 

15 it is therefore an acvamayi: of the present invention lo use liquids or low sublimation 
temperature solids as matrices because such systems generally enable lower 
desorption/ioni zation tern pcraturcss . 

The present invention relates to a method for volatilization and mass spectroinciric 
analysis of nonvolatile, or nonthermally labile, large organic molecules including biomolecules 

20 such as nucleic acids, for example, Dls A and RNA; proteins and peptide nucleic acids (1'NA): 
oligosaccharides, and other high molecular weight polymers. 

The invention generally provides u melhod for determining the mass of a large organic 
molecule. The meihod typically includes contacting a large organic molecule, the mass of 
which one desires to determine, with a photoabsotbing, or light absorbing, low~subHmalion 

25 temperature matrix to produce a matrix miolecule mixlurc. This contacting step may be carried 
out by dissolving the iarge organic molecule to be analyzed in a solution containing the matrix. 
The matrixrmolecule mixture is then irradiated by a light source, such as a laser, to desorb, 
ioni2C, and produce an ionized largo organic molecule. The ionized large organic molecule is 
then separated from other constituents, such as the ircrtrix:rnolecule mixture or other 

30 matriximolecule ndducts, using mass spectrometry and the mass of the ionized large organic 



WO $8/54751 pcnvusys/iiQ03 

-8- 

molecule determined, While any mass spectrometry is contemplated for use with the present 
invention, time-of-fiight maf;s spucitwictry is preferred, 

The matrix:mnlecule mixture typicnlly comprise a physical mixture of {he matrix with 
the molecule * a be analyzed. U may or may nol contain adduces of the matrix with the 
5 molecule. Although if adducts are formed, they will typically be only weakly associated such 
that they may be readily dissociated upon irradiation, desorprtiorh and ionization. 

As u*ed herein the term "a" encompasses embodiments wherein it refers to a single 
element as well as embodiments including one oi more of such dements. 

In performing the mass spectrometry, it is preferable to use a eooSed sample staye. 

10 Generally, the sample stage is cooled to less than 273° K, typically to from about 15f) e K to 
200° K or to aboii: 1 80 K. While it contemplated • hat the sample s=age may be cooled by any 
suitahle means, il may typically be cryongenically cooled by liquid nitrogen. 

In creating the matrix: molecule mixture, for example, by dissolving the large organic 
molecule in a solution containing the matrix, one of skill in the arc will understand that the 

15 solution containing the matrix may generally contain one or more solvents. Preferably the 
solvents will be water and/oT organic solvents, such as ethanol, methanol, toluene, acetone, and 
acelouiltile, Aiter the matrix rmolecule mixture is formed, the solvents htv substantially 
evaporated, typically to dryness, in preferred embodiments, the solvents are evaporated at 
room temperature. After evaporating the solvent, the resulting solid or crystalline molecuie- 

20 matrix mixture is cooled to a vapor pressure between abotrt 1 0" 1 u Ton 4 and about 1 0 _> Torr. 

The matrix for use in Ibc present invention is generally u volatile, light-absorbing* 
hydroxy-bearing matrix. As used herein, volatile matrices are those thai are volatile *tt room 
temperature at ambient or reduced pressures. In preferred aspects, the matrix may be a phenol, 
a hydroxyquinoline, or a hydroxy nuphLhalene. Where the matrix is a phenol, it will preferably 

25 be 4-nitroplienol. Where the matrix is a hydroxyquinohnc. it will preferably be 8- 
hydroxyquinolinc. It is also generally preferred that the matrix have a molecular weight of 
hetwecn about 90 Da and about 400 Da. Different classes of analyte molcciilss may also 
require different matrix systems. The matrix should typically not react or interact strongly wilh 
the analyte and the analyte should be soluble in die matrix crystals. 

30 In particular embodiment the matrix lias a high sublimation rule between the 

temperatures of 20°C to 200 n C (or a low sublimation temperature). The low- sublimation 
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temperature matrix, may typically have a sublimation rate ai room temperature of at least 0,1 
fun*min'" at a pressure of about 10* 5 Torr or less and preferably the sublimation rare at ihese 
conditions is from about 0.01 (Jifrxnin 1 to about 0,1 mn>min . Also provided are 
embodiments where ihe matrix is a crystalline solid. 
5 As used herein the terms "photo absorbing" or "light absorbing* refer to the ability of 

the matrix to absorb the desorption light sufficiently srrone to aid in the desorption and 
ionization of the large organic molecule. Typically the matrices will absorb light between ihe 
wavelengths of approximately 200 ran and approximately 20,000 nm although ii will be 
understood that this absorption is not continuous. T: is further preferred that tbe photoabsorbing 

10 matrix have an abaoiplion Coefficient greater than aboul 10 Uem'^raof 1 , up to and including 
an absorption coefficient of 10 6 Ucm" l *mo]"\ al the wavelength of the desorbmg and ionizing 
radiation. The method of the invention is useful for determining the mass of virtually any large 
organic molecule. For example, the mass of a polymer may be determined using ihe mediods 
of the invention. Jn prefixed aspects of toe invention, the polymer lo be analyzed will be a 

15 hiopotymer. such as a nucleic acid, a polypeplide, a peptide nucleic acid (FN A), an 
oligosaccharide, or a mass-modified derivative thereof. Where die molecule lo be analyzed is a 
nucleic acid, it will be understood that it may be., for exumple, a DNA or an RNA. 

The anaiyte should typically be purified to minimize ihe presence of salt ions and other 
molecular contaminants. These impurities may reduce the intensity and quality of the mass 

20 spectromeinc signal to a point where either (i) the signal i* undetectable or unreliable, or (ii) the 
mass accuracy and/or resolution is below the value neeessaiy for the particular application, such 
as to detect the type of polymorphism expected or sequence the analyte. A preferred method to 
purify the analyte is to immobolize it on a solid support and wash it remove impurities, such as 
sodium and potassium ions. The analyte may then be released from the solid support and 

25 contacted with the matrix. 

The size of ihe analyte to be analyzed should also be within the range where there is 
sufficient mass resolution and accuracy. Mass accuracy and resolution significantly degrade as 
the ma*> of the analyte increases. Currently, the detection of smgk nucleotide polymorphisms 
(SNPs'j above said mass value is difficult above a mass of approximately 30,000 Da for 

10 oligonucleotides O 100 bases) although this range may increase with further advances in MS- 
related technology. Third, because all molecules within a sample arc visualized during mass 
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spectrometric analysis (i.e. it is not possible to selectively label and visualize certain molecules 
and not others us one can with gel electrophoresis method*), samples may preferably be 
partitioned prior to analysis to remove unwanted products from the spectrum. 

It is contemplated that the method ofthe invention wil] allow for the mass determination 
5 of any large organic molecule having a mass of greater than about 1 ,000 Da, More specifically, 
one may determine the mass of a molecule having a mass of greater than about 27,000 Da. 
greater than about 30,000 Dll greater than about 50,000 Da, greater thau about 75,000 Da, 
greater than aboul 100,000 Da, greater tlinn about 150,000 Da, greater than about 175.000 Da, 
greater than about 200.000 Da % greater than ahcml 250 f 000 Da ; or even grater than about 

10 315,000 Da, The organic molecule will typically hfive a mass of less titan 5.00.000 Da, 
3,000,000 Da or 1,000.000 DA, In some embodiments, the organic molecule may have <\ mass 
of icss than 500,000 or 300.000 Daltons. 

To perform the desorbing step, one vvill generally expose the matrix:m£>lecule mixtuic 
to a source of energy to desorb the larye organic molecule from the matrix, The source of 

15 energy used tor desorption of the large organic molecule will preferably be a laser beam. The 
laser beam used to desorh and joniw the large organic molecule may he any laser but is 
preferably a pulsed laser. Typically, the desorption step will include applying an energy of 
about 20 kV followed by a pulse of energy of about 2.7 kV. Inferably, the pulse of energy 
comprises light having a waveleugth of about 355 nm. The mass of ihe large organic molecule 

20 may then be determined by summing the muss spectra over a number of laser pulses, preferably 
about 200 laser pulses or about J 000 laser pulses, or any number of pulses therebetween, such 
as. Tor example, about 250 laser pulses, about 300 laser pulses, about 350 laser puises, about 
500 laser pulses* about 750 laser pulses, etc. Df course, it is contemplated that one may sum 
the mass spectra of less than about 200 pulses or more than about J 000 pulses, but it will be 

25 understood that lower numbers of pulses, especially very low numbers of pulses such as 10 or 
20 or 50 pulses, etc., may give less accurate result, and higher numbers of puises becomes 
unnecessarily repetitive and lower the efficiency and cost-effectiveness of the method. 

In another aspect, the invention also provides a method for preparing □ sample of large 
organic molecules for mays spectral analysis. This method typically includes providing a 

30 solution comprising a large organic molecule to be analyzed, a matrix molecule comprising a 
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volatile, light-absorbing hydroxy -bearing matrix molecule, and a sulven:. and evaporating the 
solvent to provide a solid crystalline matrix containing ihc molecule to be analyzed. 

The present invention applies lo MAT.Dl mass speeiromeiry of all classes of 
nonvolatile, large organic compounds, with synthetic polymers and biopolymcrs preferred. The 
5 present invention is particularly preferred for mass analysis of biopolymers such as nucieic 
acids, proteins, PNAs and oligosaccharides due to ihe fragile nature of these molecules. The 
method utilizes pulsed laser desorpt ton/ ionization mediated by a matrix followed by mass 
spcctTTimcHc: separation and detection of the analyte molecules. The matrix may be a 
crystalline solid or a liquid ui room temperature, with crystalline solids being preferred. The 

10 preferred matrix has a high sublimation rate in vacuum aT room temperature and absorbs the 
desorption light strongly. 

Therefore in accordance with the present invention, there is provided crystalline solid, 
light absorbing compounds having hydroxy functionalities, but not carboxylic functionalities, 
for use as a matrix in mass analysis. In preferred embodiments the matrix compounds may be 

15 phenols, Iiydroxyquii 10 lines or hydroxynaphthaiencs. The crystalline solids, K- 
hydroxyquinoline and 4-nitrophenoL which are volatile at room temperature, arc particularly 
preferred as matrices in accordance with the present invention. 

The less energetic, more fiacilc desorption/ionization from these volatile matrices 
minimizes fragmentation and extends the high mass limit for generation of intact analyte 

20 inolccuius, These crystalline matrices exhibit increased sensitivity for detection of both iow ta- 
lly droxyquinoline) and high (4-niirophenol) molecular weight analytes. Analyte molecules, 
including DNA, exceeding 250 kDa molecular weight can be detected by this method. 

There is provided embodiments where the analyte is a large organic molecule of greater 
than about 1 .000 Da. Also provided are embodiments where the large organic analyte is a 

25 polymer. In certain embodiments the polymer is a biopnlynivr. In further embodiments the 
biopolymer is a polynucleio acid, and in still further embodiments ihe biopolymer is an 
oligonucleotide. Additionally provided arc embodiments where the biopolymer is a protein, 
polypeptide, or oligosaccharide. 

In yet other embodiments, the sample is placed on a cooled sample stage in order to 

3D maintain a low vapor pressure of the sample in the vacuum chamber of the mass spectrometer. 
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Tha sample stags is cooled bciow about 273°IC more typically between about 170 to about 
190°K, and most typically to about 1S0°K. 

3.0 BRIEF DESCRIPTION OF THE DRAWINGS 

5 The following drawings form part of thii present specification and are included to 

further demonstrate Cirtaio aspects of the present invention. The invention may be better 
understood by reference to one nr more of these drawings in combination with the detailed 
description of specific embodiments presented herein. 

10 FIG. 1 is a laser de sorption/ionization time-of-ilight mass spectrum of a mixture of 

singic-btxanded DNA oligomers 89, 90, and 91 nucleotides in iengm obtained using S- 
hydroxyquinotinc as the matrix. The laser wavelength was 355 nm. 

FIG. 2 ij> a laser desoi-ptioa'ionization iimc-of-ilight mass spectrum of a double* 
15 stranded PCR product at 315 kDa per strand fencer than approximately IO0Q nucleotides in 
length) using a 4-rritropheuol matrix. ITie laser wavelength was 355 nm. 

4.0 DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

Tn accordance with thi: present invention, methods are provided for the preparation of 
20 samples for analysis by mass spectroscopy to minimize undesired fragmentation. Sclcel lijjht 
absorbing molecules, containing hydroxy functionalities (but not carboxylic functionalities) and 
having significant sublimation rates at room temperature under vacuum, are used as matrices in 
MALDI ixuit>3 specnornetry* Hydroxy functionalities offer advantage over carboxylic 
functionalities due to their increased acidity in the excited state (Huppert ei ai, 1981) and atao 
25 typically provide lower intci-molecular binding energies lo increase volatility. Representative 
examples of matrix compounds include, but arc nol limited to, hydroxy quinulincs, phenols, and 
hydroxynaphthalenes. 

Samples are prepared by dissolving the analyte in a solution containing the matrix 
molecule, with the bulk of the solution being one or more solvents which are .subsequently 
30 allowed to evaporate before muss analysis begins, Typically, the anaJyte will be present in the 
solution at a concentration of about 0.05 M to about 1,0 M. 
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The solvent evaporation may be conducted ut a temperature range of about 20°C to 
about 30 a C, with mom temperature, about 25 C C being most preferred. The evaporation results 
in the formation of a crystalline matrix, composed in part (between about 30% by wdyht 1<> 
ahout 100% by weight) of the subject matrix molecule. Typically the matrix molecular weight 

5 is greater than about 90 Da, preferably l*:Lwccji about 90 Da and about 400 Da_ Due to the high 
volatility of thcac matrix molecules under vacuum at room temperature, the samples must be 
cooled in the mass spectrometers vacuum system to a vapor pressure between about 10"'° Ton 
and about tO" 5 Turn but not exceeding about JO" 5 Torr, These matrix molecules arc termed 
herein as volatile, light- absorbing, hydroxy-beaiing matrix molecules. As used herein the term 

10 volatile refer* lu a molecule having a sublimation rate at room tctnpcniuire of greater than or 
equal lo 0.1 pn>mm ; at a pressure of about 10° Tr>rr or less, and the term light absorbing 
refers to a molecule having an absorption coefficient greater than about 10 l-cm''«mor ! . 

Two low-sublimation -temperature molecules in particular function effectively as 
matrices for MALD1 of nonvolatile organic molecules for detcciion by mass spectrometry. The 

15 compounds. 8-hydroxyquinolinc (8HQ) and 4-nitrophcnol (4NP)> both contain a hydroxy 
functional group. The former is especially effective for high-resolution analysis of DXA less 
than approximately J 00 nucleotides (30 kDa), and the latter is especially effective for sensitive 
detection of higher mass molecules. 

Compounds contemplated for analysis using the prcsem invention include a vast array 

20 of large organic molecules. As used herein, the term "large organic molecule" retcrs to a 
compound having a molecular weight of greater than about 1000 Da. Also ay used herein, the 
term "nonvolatile" 1 refers to a molecule which, when present in its pure, neat form and heated, 
does not sublimate intact to any significant extent. Also included in the definition of 
nonvolatile compounds are compounds which, when present in their pure neat form, cannot be 

25 practically analyzed by mass spectrometry when conventional gas chromatography methods are 
employed in the sampling process. Representative of such organic compounds arc polynucleic 
acids, polypeptides, oligosaccharides, PNAs and synthetic polymers. Polymeric compounds arc 
also contemplated for analysis using the present invention. In particular Copolymers which arc 
subject to fragmentation during mass analysis. Representative biopolymera include polymer* 

30 of amino acids, nucleic acids* saccharides, carbohydrates and polypeptides. 
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The mass spectrometry may be accomplished by one of several techniques such as time- 
of-flight. magnetic acctor or ion trap. Preferably. Lhe mass spectrometry technique tor use with 
ihc present invention will be timc-of-flight- 

The volatility of the matrix crystals necessitates that the sample stage of the mass 
5 spectrometer be cooled to substantially below room temperature where the sublimation r;ttc is 
between about 0. 1 nm.min* 3 and about 0,1 mnwnm 1 . A preferred approach is to use a liquid- 
nitrogen cooled sample stage, accomplished by flowing liquid nitrogen through a copper 
sample holder. Thus, the sample is cooled to less than 273°K. preferably between about 170 
and 190 W K or to about 180 °K. 
J 0 WavclcngThs from the ultraviolet to infrared may be employed, depending on the cooled 

matrix being analyzed. Generally, one of skill in the art will understand that the appropriate 
waveiengih will be one where light absorption is significant for the molecule being analyzed. 

The disci es sd low-sublimation temperature matrices and methods for using them to 
determine the mass of a large organic motecule or prepare u large organic molecule for mass 
15 spectral analysis may be used in a varieiy of MS application s, such as MS sequencing of 
nucleic acids: MS analysis of single nucleotide polymorphisms (SNPs); and MS analysis of 
simple sequence repeats (SSRs), short tandem repeats (STRs), and microsatellite repeats 
(MKsJ. 

For example, the methods disclosed hercm may be used in nucleic acid sequencing 
20 methods involve obtaining nucleic acid fragments using » four base Sanger sequencing 
reaction, performing MS on the products and determining the nucleic acid sequence from the 
mass differences between tbe peaks. The nucleic acid fragments may be obtained by 
hybridizing a DKA primer to a DNA template and extending the primer by a ON A polymerase 
in the presence of dcuxy- and didcoxy- nucleotides. The DNA template may generally contain 
25 the DNA iragment to be sequenced and a region complementary to the primer 1 . The DNA 
primers may also contain a biotin which allows for capture to a solid phase and a single, 
chemically cleavable internal linkage (such as a S'-or 3'-(S)-phosphorolluoalc; linkage which is 
cleavable by a siiver ion catalyzed reaction). The cleavage chemistry of the internal linkage 
combined with the biotin capture are described in I'.S. Patent No. 5,700,642, incorporated 
3D herein by reference. 
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The nucleic acid fragments may be ftirther processed prior U> MS analysis. Generally, 
these processing steps involve binding the nucleic acid fragments to a strcptavidin solid 
support, washing the bound fragments, and cleaving at the internal cleavage site to release the 
nucleic acid fragment from the solid support. Typically the bound fragments arc first washed 
5 with a denaturaru, such ay aqueous NaOH, to remove unbound DNA and enzyme and then with 
a series of ammonium acetate washes. Following cJeava«e ? the cleaved extension products may 
be prepared for MS analysis by drying; mixing Oil solid residue with the matrix material and 
ammonium citrate solution, spotting the mixture by pipette onto a plate; and allowing the 
mixture to dry. 

10 The methods for MS SNP analysis are very similar to the USA sequencing methods 

except thai oniy dideoxynucieotidea are employed. 

These low-sublimation temperature matrices may also be used for analyzing SSRs, 
STRs, and MRs involving the determination of the number of repetitive units combined in 
amplification products by MS. Hie amplification products are typically obtained by 

15 hybridizing a DNA primer to a DNA target maiceule and extending the primer by a DNA 
polymerase. Similar lo Lhe sequencing methods, the DNA primer contains a region 
complementary to the DNA target molecule adjacent to the SSR-, STR-, or MR-containing 
region. The primer may also contain biotin and internal clcuvable linkages. 

The fallowing examples arc included to demonstrate preferred embodiments of the 

20 invention. It should be appreciated by those of skill in the art that the techniques disclosed in 
the examples which follow represent techniques discovered by (he inventor to function well in 
the practice of ihe invention, and tbuR can be considered to constitute preferred modes for its 
practice, However, those of skill in the art should, in iijjh* of the present disclosure, appreciate 
thai many changes can be made in the specific embodiments which are disclosed and still 

25 obtain a like or similar result without departing from the spirit and scope of the invention, 

5*0 EXAMPLES 

The following examples are iu eluded to demonstrate preferred embodiments of the 
invention. It should be appreciated by those of skill in the art that the techniques disclosed in 
30 the examples which follow represent techniques discovered by the inventors to function well in 
the practice of the invention, and thus can be considered to constitute preferred modes for its 
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practice. However, those of skili in die art should, in light of the present disclosure, appreciate 
that 'many changes can be made in the specific embodiments which are disclosed and still 
obtain a like or .similar result without departing from the spirit and scope of the invention. 

5 5.1 Example 1 - Materials and Methods 

A time-ot-flight mass spectrometer similar rn that previously described by Wu et al. 
(1994) and Hunter el al. (1997) was used, having pulsed delayed ion extraction, The sample 
stage was floated at 20 kV r and after some delay lime (approximately several hundred 
nanoseconds, dependent on mass), ions were extracted by a 2.7 kV pulse and focused into a l- 
10 meter flight tunc. Th^ siunal output from the dual miurochannel plaie deteeior way amplified 
and digtli/.ed with 5 ns time resolution, 

Laser wavelengths of cither 355 or 266 nm were employed for desorpLio^ionizulion in 
the examples balow, Comparable positive and negative ion signals were observed front 
oligonucleotide analyses. 

15 T';ie temperature of the sample on a liquid nitrogen-cooled sample stage was maintained 

at approximately ISO K as measured by thermocouple wires, low enough to maintain j matrix 
vapor pressure of less than 10"^ Toix. 

5.2 EXAMPLE 2 - DMA Oligomer Analysis Employing 8-Hydroxyquinoline as a 
20 Matrix 

The preparative solution for the 8HQ matrix began by using 0.2 M 8I1Q in 1:1 (volume) 
acetone :butanone. To reduce alkali -metal adduel ion formation, to that initial 81 IQ solution 
was added an equal volume of 50 mM aqueous di ammonium citrate, result! ng in a 25 mM final 
diammonium citrate concentration and 0.1 M 8HQ concentration. 8HQ is known to chelate 

25 trace amounts of metal ions, especially copper, but the addition of CDTA (trans- 1,2- 
diaminocyeloh exane-Nf.NjN'jN' tolraaceiic neks monohydratc) effectively suppressed copper 
adducts tn the mass spectrum, a small tdiquot of concentrated CDTA was added to a much 
larger volume of the 8HQ solution to yield a 1 OmM CDTA concentration. 

Hie oligonucleotide sample was obtained from polymerase chain reaction (PCR) 

30 amplification of a short tandem repeat sequence at ihe human TH01 (tyrosine hydroxylase 
gene) lociu. One of the strands was capmred, denatured, washed, then released to produce 
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single-stranded products. An aliquot of aqueous solution of ihiy TI1Q1 oligonucleotide 
(estimated 10 pmol quantity) was firsc evaporated in a vacuum evaporator to ranovu the water, 
and then one microliter of the matrix solution was added to the dried DCs A. This resulting 
solution was pipetted onto a silicon substrate mounted ou u copper sample holder. After air- 
5 drying of the solvent and resultant crystallization of the matrix, Lhe sampJe was placed on the 
cryogcnicahVcooled sample stage in the mass spectrometer. 

RTtQ is an effective matrix for high resolution studies of DNA oligomer* icss than 
approximately 100 nucleotides in length. FIG. I illustrates the mass resolution attainable for 
single-stranded oligonucleotides of about 27 kDa using 355 nm pulsed laser light for desorption 
10 and summing mass .spectra over 200 laser pulses. DNA oligomers containing 89. 90, and 91 
nucleotides have a mass resolution (m/Am) of 650, 625. and 700 f respectively at foil width at 
half height. Spectra of oligonucleotides in 8HQ matrix typically have a low background ion 
signal and hjj.;h signal-to-noise levels. 

1 5 5.3 EXAMPLE 3 - DNA Oligomer Analysis Employing 4-Nitrophcnol as a Matrix 

The preparative solution for the 4NP matrix was 0.5 M 4NP in 1:1 (volume) 
methanol :waicr containing diammonium citrate at 50 mM final concentration. One milliter 
of the matrix solution was added to dried DNA which was a double-stranded PCR product 
estimated at 10 pmol quantity derived from an unknown cDNA insert in a veckir. This 

20 resulting solution was pipetted onto a silicon substrate mounted on a copper sample holder. 
After air-drying of the solvent and resultant crystallization of the matrix, flic sample was placed 
on the cryogenically-cooled sample stage in the mass spectrometer. FIG. 2 is the resulting 
limcKjf-flight mass spectrum using 355 nm laser light for desorption arid summing over 1000 
laser pulses yielding an estimated mass of 3 [5 kDa which corresponds to an estimated number 

25 of bases exceeding 1.000. The width of the peak originates in part nom the mass difference of 
the two complementary DNA strands (denatured during analysis) and partly from adduct 
formation as well as fragmentation. DNA oligomers have not previously been repented lo be 
detected in this size range. 

30 * * * 
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All of the compositions and methods disclosed und claimed herein can be made and 
executed without undue experi in mutation in h^ht of the present disclosure. While the 
compositions and methods of this invention have been described in terms of preferred 
embodiments > it wflJ be apparent lo those of skill in the art that variations may be applied lo the 
5 compositions and methods and in the steps or in the sequence of steps of the method described 
herein without departing from the concept, spirit and scope of the invention. More specifically, 
it will be apparent thai certain agents which are both chemically and physiologically related 
may be substituted for the agents described herein white the same or similar results would be 
achieved. All such similar substitutes and modifications apparent those skilled in the arc arc 
10 deemed to be within the spirit, scope and concept of the invention as defined by the appended 
claim*. 
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CLAIMS 

J . A method for determining the mass of a large organic molecule, said method 
comprising: 

(a) contacting said large organic molecule wkh a photoahsorbing low-sublimation 
temperature matrix lo produce a matrix: moleciiic mixture; 

(b) desorbing aiid ionium g said molecule: and 

(c ) duL^niiiiiiny the mass of said ionized large organic moieculc by mass 
.spectrometry. 

2. The method of claim L wherein said ma.ss spectrometry is performed using a cooled 
sample stage. 

3. The method of claim 2. wherein .said sample stage is cooled by liquid nitrogen. 

4. The method of claim 3, wherein said sample stage is cooled to fro™ about 170 °K to 
about 190 °K. 

5. The method of claim 4, wherein said sample slayc is cookd to about 1 80 & K. 

6. The method ofciaim I , wherein said contacting is performed by dissolving said large 
organic molecule in a solution containing said matrix. 

7. The method of claim 6, wherein said solution comprises a solvent. 

8. The method of claim 7, wherein said solvent is organic. 
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9, The mulhoil of claim 7, wherein the solvent is water, methanol ethanol toluene, 
acetone, or acetonitriie, 

10. The method of claim 7, wherein said solvent i& evaporated prior io mass spectrometry, 
1 L The method of claim 10. wherein said solvent is evaporated at room temperature. 

12. The method o: claim 1 , wherein said matrix; molecule mixture is cooled to a vapor 
pressure between abujt IO"* 1 'Jon and about IO* 10 Torr prior to mass spectrometry, 

13. The method of claim 1, wherein said matrix is farther defined as a volatile, light- 
absorbing, hydroxy-bcarin^ matrix. 

14. The method n PcJaim 1 , wherein said matrix is selected from the group consisting of 
phenols, hydroxyquinoiines, and hydroxy naphthalenes. 

J 5 . The method of claim 1 4, wherein said matrix is a phenol 

16. The method of claim 1 5. wherein said phenol is 4-nitrophenol 

17. The melhod of claim 14. wherein said matrix is a hydroxyquinoline. 

18. The method of claim 1 7, wherein said hydroxyquinoline is 8 -hydroxy tjiiinoiine, 

19. The method of claim 1, wherein said large organic molecule is a polymer. 

20. The method of eiaim 1 9, wherein said poJymer is a biopolymcr. 
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2 1 . The method of claim 20, wherein said biopolymer is selected from the group consisting 
essentially of" nucleic acid, polypeptide, peptide nucleic acid and oligosaccharide. 

5 22. The method of claim 21 % wherein said Wopolymer is a nucleic acid. 

23. The method of claim 22, wherein said nucleic acid is DN/V 

24. The method o: claim 22. wherein said nucleic acid is "RNA. 

10 

25. The method of claim 1 , wherein said large organic molecule has a mass of greater than 
about 1,000 Da. 

26. The method i>f claim 25 . wherein said large organic molecule has a mass of greater than 
15 aboul 27.000 Da. 

27. The method of ciaim 26, wherein said large organic molecule has a mass of greater than 
about 250,000 Da. 

20 28. The method of claim 27, wherein said iai^e organic molecule has a mass of greater than 
about 3 15,000 Da. 

29. The method of claim ] , wherein said matrix has a sublimation rate at room temperature 
of (at least 0.1 uimmin' 1 at a pressure of less than about 10" 5 Ton. 

25 

30. The method of chum 1, whetcin said matrix has a sublimation rale at room temperature 
of from about 0.01 pm-min* 1 to about 0.1 mm*min 1 a: a pressure ofless than about 10" 5 Torr. 



WO 98/54751 



PCTVUSW1 M03 



-24- 

3 1 . The method of claim 1 , wherein said matrix lias an absorption coefficient greater than 
about iOUra'.mor 1 , 

32. The method of claim L wherein said ricsorbing comprises exposing said 

matrix :molccutc mixture to a source of energy to desoift said Jarpc organic molecule from the 
rnaliix. 

33. The method of claim 32.. wherein said source of energy is pulsed laser radiation. 

34. The method of claim 33, wherein said pulsed laser radiation comprises applying an 
energy of about 20 JcV followed by a pulse of energy of about 17 kV pulse. 

35. Tbe method of claim 34 ? wherein .said pulse of energy comprises lighi having a 
wavelength of about 355 nm, 

36. The method of claim 1 , wherein r>iv.d mass spectrometry comprises time-of-flight mass 
spectrometry. 

37. The method of claim 36, wherein the mass of said ioni7ed large organic molecule is 
determined by summing ma** spectra over about 200 laser pulses. 

38. A method ibr preparing a sample of large organic molecules for mass spectral analysis, 
said method comprising: 

a) providing a solution comprising said large organic molecule to be analyzed, a 

volatile, light- absorbing hydroxy-bcaring matrix composition, and a .solvent; and 
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b) evaporating soid solvent to provide a solid matrix materia! containing the 
molecule to be analyzed. 

39. The method of claim 38, wherein said matrix composition is selected from the group 
5 consisting essentially o f phenols* hydioxyquinolines, and hydroxy naphthalenes. 

40. The method of cUihn 39, wherein said matrix composition is a phenol. 

41. The method of Claim 40. wherein said phenol is 4-nitniphcnuL 

10 

42. The mcLhnd (if claim 39, wherein .said matrix composition is a hydroxyquinoline. 

43 . The method of claim 42, wherein suid hydroxyquinoline is 8-hydroxyquinolinc, 
15 44. The method of claim 38, wherein said large organic molecule is a polymer. 

45. The method of claim 44, wherein said polymer is a biopolymer. 

46. Hie method of claim 45, wherein said biopolymer is selected from the group consisting 
20 of nucleic acid, polypeptide, peptide nucleic acid and oligosaccharide . 

47. The method of claim 46. wherein said biopolymer is a nucleic acid. 

48. The method of claim 47, wherein said nucleic acid is DNA. 

25 

49. The method of claim 47, wherein said nucleic acid is RNA. 
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50. The method of claim 38, wherein said large organic molecule has a mass of greater than 
about LOOODa, 

5 1 . The method of claim 50, wherein said large organic molecule has a mass of greater than 
5 about 27,000 T)a. 

52. The mclhud of claim 5 1 . wherein said large urganic molecule has. a mass of greuicr than 
about 250,000 Da. 

10 53. The method of claim 52, wherein said large organic moluculc kis a mass of greater than 
about 31 5 t 000 Da_ 

54. The method of claim 38, wherein said matrix has a sublimation rate ai room temperature 
of al least 0-1 u,m»rnirf 1 »L a pressure of ihan abuul 10 ^ Torr. 

15 

55. The method of cinim 38, wherein arid rnaLrix hiis an absorption coefficient greater than 
about 10 Ucm'^mol" 1 . 
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